with retethered cord syndrome could potentially be high. In contrast, there have been few reports concerning retethered cord syndrome after spinal dysraphism surgery. Tethered cord syndrome commonly presents with neurological deterioration, including gait deterioration, leg weakness, sensory loss, orthopedic deformities such as scoliosis, foot deformities, and changes in bowel function. Urinary tract deterioration such as urinary incontinence and impaired voiding function are also considered to be common symptoms of TCS. 3, 4, 10, 11, 16, 21 It is also known that surgical untethering is a choice for improving the symptoms in TCS. Previous reports have shown that postoperative improvement was noted in the majority of patients presenting with back and leg pain, and greater improvement in patients with preoperative motor weakness than in those with sensory deficits. 1, 2, 6, 8, [10] [11] [12] 14, 17, 19, 20, 22 Subjective improvement in bladder function is observed less frequently in patients with TCS. 6, 8, 12, 20, 22 We speculate that subjective sensory and motor symptoms that can be easily recognized by the patient or the patient's family, such as pain and motor weakness, would be treated while symptoms are still reversible. In contrast, urinary tract deterioration as well as sensory deficits is less easily recognized and not easy to diagnose early, causing a delay in treatment that may thus be complicated by irreversible symptoms.
In this study, we evaluated cases of retethered cord syndrome in both patients with MMC and in patients with spinal lipoma to investigate the possible benefits of performing routine urodynamic studies to detect subclinical changes of the urinary tract, especially detrusor overactivity. We also evaluated the efficacy of surgical untethering on all of the common signs and symptoms of retethered cord syndrome.
Methods

Data Collection
We retrospectively reviewed the patient database of the Miyagi Children's Hospital and identified all patients who underwent spinal cord untethering for retethered cord syndrome. Between 2003 and 2011, 69 patients underwent 78 surgical untethering procedures for retethered cord syndrome at our hospital. In 20 surgeries (16 patients), spinal cord untethering was preceded by previous repair of a MMC, and in 58 surgeries (53 patients) untethering of spinal lipoma was performed. Patients with retethered cord syndrome due to spinal lipoma were all lipomas of the conus medullaris in accordance with the terms adopted by Pierre-Kahn et al. 20 We did not include cases of lipoma of the filum terminale in this series. During the experimental period, 46 newly diagnosed patients with lipomas of the conus medullaris and 52 infants with MMC underwent their first operation in our department. At Miyagi Children's Hospital, spinal cord untethering is advocated in cases of progressive and significant neurological deterioration that have been attributed to a tethered cord diagnosed by a multidisciplinary spina bifida team, consisting of doctors from the departments of pediatric neurosurgery, orthopedics, and urology. The department of pediatric urology performs routine urinary examinations including abdominal ultrasonography (every 6 months) and video urodynamic studies (once every year). The symptoms were studied separately because individual patients did not exhibit all symptoms. If any signs of worsening related to the tethered cord were detected in one department, the patient was referred to the other departments, and finally the untethering operation was planned after informed consent was obtained. Shunt failure, syringomyelia, and Chiari malformation Type II were ruled out in patients with MMC as causes of the presenting symptoms before the untethering operation. The presence of a syrinx was not by itself an indication for surgery in any of the cases. All patients were confirmed to have a tethered cord intraoperatively.
Operative Technique
In all cases, surgery was performed under continuous intraoperative electrophysiological monitoring, including monitoring of anal sphincter and calf muscles. Lumbosacral laminectomies were performed to obtain adequate exposure of the conus medullaris and cauda equina. The dural incision was started at the normal proximal site. 7 The presence of extensive arachnoidal adhesion required meticulous dissection using an operative microscope to ensure complete release of the spinal cord in a majority of the cases. At the time of dissection, any tethering bands were identified and divided, whereas any spinal roots were preserved unless these showed abnormal anatomical structure. The filum terminale was cut if it had not been cut during the previous operation. The surgical goal was to debulk and disconnect the fibrous tissue, or in lipoma cases, to remove residual lipomatous tissue that tethered the cord circumferentially. Next, the pia was approximated by suturing with 8-0 nylon to reconstruct the neural placode. Finally, reconstruction of the dural sac was performed.
Postoperative Assessment
The patients were typically discharged 8 days after the untethering operation, and after discharge each patient was evaluated at 4 weeks, 3 months, and 6 months postoperatively. Postoperative MRI was performed 3 months after surgery to check for postoperative complications such as CSF leakage and subcutaneous fluid collection. Postoperative neurological evaluation was performed 6 months after surgery. Surgical outcomes were classified as either improved or not improved. Patients were considered to have improved clinical outcomes if they had complete or marked improvements in sensory symptoms such as pain and sensory loss, orthopedic symptoms such as motor dysfunction and leg deformity, and subjective urological symptoms. In the subset of patients presenting with documented progressive sensorimotor deficits, stabilization of neurological function and mild improvement was categorized as not improved. Worsened or additional sensorimotor symptoms and urological symptoms were recorded as complications. In the urodynamic study evaluation, a patient was considered to have improved outcome if there was more than a 20% improvement in outcome for each parameter. Statistical tests were performed with SPSS software (version 16.0, SPSS) for postoperative urodynamic evaluation.
Results
Clinical features at operation are summarized in Tables 1-3 . A total of 78 untethering surgical procedures for retethered cord syndrome were conducted on 69 patients, of whom 33 were female and 36 were male. Sixtynine operations were performed for the first retethered cord syndrome after the primary operation, 7 were performed for the second (3 for MMC, 4 for spinal lipoma), and 2 were performed for the third (1 for MMC and 1 for spinal lipoma). The mean age at operation for all patients was 11.8 ± 9.1 years (range 2.1-57.3 years), the mean age of patients with MMC was 10.5 ± 7.9 years (range 3.3-39.9 years), and the mean age for patients with spinal lipomas was 12.4 ± 9.9 years (range 2.1-57.3 years; Fig. 1 ). The mean duration between the previous operation and the operation for retethered cord syndrome in all patients was 102 ± 75.1 months (range 6.2-485.8 months), the mean duration was 114 ± 100.1 months (range 6.1-225.2 months) for patients with MMC, and the mean duration for patients with spinal lipomas was 95.2 ± 54.8 months (range 15.2-485.8 months).
Presenting Symptoms
Worsening of the urological findings was the most common presenting symptom (70%) among the patients studied (Table 1) . At the time of the operation for retethered cord syndrome, 51 patients were already dependent on clear intermittent catheterization to eliminate urine and 30 patients received medication for neurogenic bladder treatment. Three patients received cystoplasty augmentation. In each of these cases, worsening urodynamic findings were the most common findings (98%), and conversely, aggravated urinary incontinence was found in only 9.4% of the cases. Of the urodynamic findings, detrusor overactivity was the most common finding for retethered cord syndrome (88.7%). Lower-extremity symptoms were found in 45% of the cases. Sensory symptoms (48.6%), especially pain and/or paresthesia (40%), were the most common lower-extremity symptoms. Sensory loss that was characterized by a newly formed decubital ulcer was less common (8.6%). Motor symptoms caused by muscle weakness were observed in 12 patients (34.3%) and lower-extremity deformity was found in 10 patients (28.6%). Other symptoms such as lumbar pain (4 cases), scoliosis (3 cases) and aggravated fecal incontinence (1 case) were also noted in patients. There was no significant difference between patients with MMC and those with spinal lipoma in presenting symptoms of retethered cord syndrome (Tables 2 and 3 ). The most frequent finding in both patient groups was detrusor overactivity detected by urodynamic study. Although aggravated dysuria was observed less frequently in patients with MMC, these patients were already dependent on catheterization to eliminate urine because of the primary damage by the disease. The most frequent lower-extremity symptoms were leg paresthesia and motor weakness in both groups.
Surgical Complications
Surgical complications were noted in 23 surgical procedures (Table 4 ). The most common complication was sensory disturbance in the lower extremities, which occurred in 14 patients. The majority of the sensory disturbance (78.6%) was temporary lower leg paresthesia that recovered at the time of follow-up. Another 3 patients showed sensory loss in the sacral region. Conversely, urinary complications were observed in 9 patients. Aggravated dysuria was seen in 5 patients. Three of these patients became dependent on clear intermittent catheterization to eliminate urine, while 2 had recovered at follow-up. Cerebrospinal fluid leakage that needed surgical repair was noted in 3 patients. A decubital ulcer occurred on the face of 1 patient and was caused by the long operative duration in a young patient whose face had been on the horseshoe headrest during the operation.
Postoperative Course
Complete circumferential untethering of the spinal cord was attempted in all patients and was successful in all cases. At the time of follow-up, back pain and leg pain/ paresthesia improved in all patients (Table 5) . Sensory loss improved in 67% of patients. Progressive motor deficits that were present preoperatively all showed improvement postoperatively. Seven of 12 patients with motor deficits returned to their best status recorded, whereas 5 showed improvement, but did not achieve their best status recorded. In contrast, all leg/foot deformities or scoliosis remained unchanged. Urological symptoms subjectively improved in 4 of the 5 patients with urinary incontinence and in 1 of the 2 patients with residual urine, but neither of the symptoms completely resolved. Pre-and postoperative urodynamic studies were performed in 57 patients. The mean age of these patients was 9.2 ± 5.1 years (range 2.1-33.6 years); 18 had MMC and 39 had spinal lipoma. Detrusor overactivity was observed in 44 patients preoperatively and improved in 33 patients (75%) postoperatively (Table 6 ). Statistical analysis showed significant detrusor overactivity improvement postoperatively (p < 0.001, McNemar test). Aggravated low bladder volume was improved in all 3 patients postoperatively. Preoperative aggravated vesicoureteral reflex and low bladder compliance were improved in 2 of 4 patients and 1 of 2 patients, respectively. None of the patients with bladder deformity showed improvement. Postoperative urodynamic study performed in all 57 patients showed a significant increase in bladder volume (p = 0.004, paired t-test). Conversely, postoperative bladder compliance showed no significant change (p = 0.97, paired t-test). Postoperatively, 3 patients were newly started on medication for neurogenic bladder treatment, whereas 1 patient stopped receiving the treatment, but had previously received medication for neurogenic bladder.
Discussion
It is important to know the symptom characteristics of retethered cord syndrome and its postoperative course because it could occur even after a surgery for retethered cord syndrome. Recently, Kulkarni et al. 13 published a definitive prospective study of a large cohort of children with untreated spinal lipoma and showed that asymptomatic lipomas carry a 10-year probability of deterioration of 43%. In the same report, their prophylactic partial resection operations showed a high rate of late deterioration, similar to that of the untreated disease. Pang et al. 18 also suggested that conventional spinal lipoma surgery may produce worse scarring on the neural placode and cause retethered cord syndrome. Bowman et al. 2 reported that even patients with MMC who showed postoperative TCS demonstrated a 29% rate of repeated retethered cord syndrome in their large cohort of patients with MMC. These reports indicate that diagnosing and treating retethered cord syndrome is crucial for treating spinal dysraphism.
Our results showed that the most frequent finding of retethered cord syndrome was detrusor overactivity, which was compatible with upper motor neuron lesions caused by spinal cord tethering detected by routine urodynamic study, regardless of disease. Detrusor overactivity is defined as a urodynamic observation characterized by involuntary detrusor contractions during the filling phase, which may be spontaneous or provoked and considered a risk factor for bladder dysfunction. 5 Several reports have suggested the importance of detrusor overactivity in the early diagnosis of TCS. 3, 13, 18 In our study, we diagnosed retethered cord syndrome depending on worsening in the parameters of urodynamic study. Thus, the symptoms that were observed after primary repair of spinal dysraphism itself were not diagnosed as retethered cord syndrome until worsening was detected at follow-up. We should also note that detrusor overactivity is often observed in normal young children. The International Continence Society recommended in their guidelines that if voiding dysfunction is suspected, urodynamic study should be attempted. 5 We suggest that routine postoperative urodynamic study may make it possible to detect subclinical changes of objective urological dysfunction, leading to early diagnosis of retethered cord syndrome prior to subjective changes. In this study, preoperative aggravation of urinary incontinence was only noted in 5 patients, whereas changes in urodynamic study were noted in the majority of cases. Thus, if it is possible, routine urodynamic study is recommended. Urodynamic findings, especially detrusor overactivity, are noteworthy because these are objective findings of TCS and may detect subclinical changes in TCS. Other major symptoms such as pain and paresthesia are subjective findings that depend on patients' complaints. Motor weakness is also a major symptom of retethered cord syndrome. This symptom is detected by both subjective and objective findings, but subtle signs that indicate a subclinical level of motor weakness are not easy to diagnose and there are few reliable objective tests that can be conducted as part of an examination.
Once the diagnosis of retethered cord syndrome is given, early treatment is recommended. Many studies have demonstrated the benefits of untethering, and many institutions have adopted it as treatment for TCS, but there were only a few reports concerning retethered cord syndrome. [1] [2] [3] 5, 6, [8] [9] [10] [11] [12] 18, 19, 22 Herman et al. 8 reported on 153 patients with retethered cord syndrome (100 patients with MMC and 53 with spinal lipoma) who underwent untethering operations. These authors reported that motor complaints improved in 63% of patients, pain improved in 90%, and bladder function improved in 35%. Maher et al. 14 reported that in 30 retethered cord syndrome surgeries, postoperative improvement was noted most often for pain (81%), and less often for urinary symptoms (53%) and weakness (48%). Al-Holou et al. 1 reported on 84 patients with retethered cord syndrome and found that motor weakness improved in 16%, back pain improved in 75%, bladder and bowel function improved in 13%, and sensory function improved in 10% at 6 months postoperatively. They also found no statistically significant differences in outcome between cases of MMC and spinal lipoma, consistent with our results. The discrepancy in the percentages of improvement likely results from the subjective assessment of function and because of the criteria used to identify changes in symptoms in each of the studies. Al-Holou et al. analyzed the surgical outcome of not only the presenting complaints, but also all of the most common signs and symptoms of retethered cord syndrome using subjective measures and objective scales.
We should note that the evaluation of the urological symptoms in these reports were dependent on the clinical symptoms such as aggravation of urinary incontinence, and not on urodynamic study findings. Our results showed that 100% of preoperative lower-extremity motor symptoms and 90% of lower-extremity sensory symptoms improved postoperatively. Even the patients who initially had no preoperative motor symptoms sometimes reported "some" improvement postoperatively, suggesting the difficulty of detecting subtle motor symptoms. In the urological findings, 80% of patients with urinary incontinence and 75% of patients with detrusor overactivity improved, and postoperative bladder volume showed a significant increase. Previous reports suggested that postsurgical improvement was good for pain, but not for motor and urinary dysfunction as mentioned avove. 1, 3, 4, [8] [9] [10] [11] 13 Our results suggest the possibility that if diagnosed early, even urinary dysfunction symptoms can improve. Previous reports showed that surgery undertaken as a result of patients' subjective complaints of urinary incontinence resulted in improvement in only half of the cases in the patients with TCS caused by a thick filum terminale, which is considered to be the most basic cause of TCS. 24 In our cases, patients who showed urinary incontinence were immediately examined using urodynamic study, and early surgery was recommended if there was detection of aggravated objective urological symptoms. Giddens et al. 4 also suggested that retethered cord syndrome may have a better chance for improvement if it is discovered early. Conversely, bladder compliance showed no significant postoperative change, suggesting that this is an inherent characteristic of the bladder due to the development of bladder wall thickening and fibrosis caused by denervation. Thus, we consider the possibility that compliance changes should be one of the endorgan results of retethered cord syndrome that is difficult to improve. Histological analysis of bladder specimens demonstrated marked smooth muscle infiltration by connective tissue. 15, 23 Our favorable postoperative results may have resulted from aggressive early surgery following early diagnosis. However, Rendeli et al. 21 reported that even early surgery in patients with TCS could not explain good results in residual urine volume and voiding function. In this study, we did not evaluate voiding function because preoperative voiding function varied widely among the patients and was difficult to compare. Further study of voiding function with a larger number of patients is needed. Careful attention should be paid to early detection of symptoms of retethered cord syndrome during the window of time when the symptoms are reversible, and we should also note that onset and symptoms of retethered cord syndrome vary for each patient. Even older patients could suffer retethered cord syndrome, and even upper-extremity symptoms can occur in TCS.
2,20 Phuong et al. 19 showed that the majority of patients who did not undergo untethering eventually required end-organ treatments such as bladder augmentation and scoliotic fusion for urological and orthopedic abnormalities, respectively.
The surgical complication rate for retethered cord syndrome surgery is not low. The surgical procedure for retethered cord syndrome is extremely difficult compared with primary surgery. The presence of extensive arachnoidal adhesion requires meticulous dissection that can cause nerve root injury. Although intraoperative electrophysiological monitoring is useful for detecting the anterior root, the posterior root that is frequently included by a residual lipoma and adjacent connective tissue derived from previous surgical inflammation is not easy to detect, and is easily injured during the dissection procedure. Our results showed that the most frequent complication was temporary paresthesia or pain in the lower extremities that was believed to be caused by sensory root injury during surgical dissection. Another major complication was sacral root injury resulting in urinary symptoms. Three patients became dependent on clear intermittent catheterization to eliminate urine after surgery. It is very difficult to prevent these root injuries because satisfactory untethering requires circumferential dissection of residual lipomatous or fibrous tissue that is often surrounded by scarring on the neural placode. Recently, Pang et al. 18 reported total to near-total resections of complex lipomas with radical reconstruction of the neural placode that resulted in a much better long-term progression-free probability than partial resection and nonsurgical treatment. We speculated that spinal cord adhesion with the dural sac caused by residual lipoma and surgical inflammation could be minimized by reducing the size of the lipoma, and the chance of the spinal cord touching the dural sac could be reduced by widening the dural sac. Although further study is needed, extensive prophylactic surgery is considered a viable option for preventing retethered cord syndrome. In this retrospective study, we did not use such a surgical strategy; therefore, further follow-up with careful attention to checking the symptoms of retethered cord syndrome is needed.
Conclusions
In this study we reported the characteristics and surgical results of retethered cord syndrome in spinal dysraphism. Repeated untethering operations offered symptomatic relief to patients diagnosed early with this condition. Urodynamic findings, especially detrusor overactivity, are considered to be the most significant indicators for early diagnosis.
